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S1TMMARY 
I. Lysogenic B. megatherium 899a  (de Jong,  1931) produces two types of 
phage (Gratia,  1936  ¢) T  and C. The T phage forms cloudy plaques and gives 
rise  to fresh lysogenic strains  (Gratia,  1936  b)  when  added  to the  sensitive 
strain of megall~rium.  It may or may not cause lysis, depending on the media 
(Northrop, 1951). The C phage occurs very rarely, forms clear plaques, does 
not give rise to lysogenic strains,  and causes complete lysis of the sensitive 
strain  under  all  conditions  tested, provided infection  occurs.  If  C  phage  is 
added to the sensitive strain, and the mixture allowed to stand, or made into 
a  hanging  drop preparation,  the  infected cells  stop growing  and  lyse com- 
pletely after 60 to 80 minutes with the liberation  of from 50 to  200 phage 
particles per cell. 
If,  however,  C  phage  is  added  to  a  rapidly  growing  culture  of 
B. megatherium and the suspension shaken at 34  °, the cells continue to grow 
and divide for 50 to 60 minutes, after infection has occurred. They then lyse, 
with the liberation of from 1000 to 2500 phage particles per cell. 
II.  The following determinations have been made on megalherium sensitive 
cells growing  in 5 per cent peptone at different stages of growth.  (1)  Growth 
rate of infected and uninfected cells;  (2)  RNA, DNA,  and protein  content; 
(3)  volume of the cell;  (4)  phage yield per cell by plaque count;  (5)  phage 
yield per cell by cell and plaque count; (6) lysis time. 
The growth rate decreases as the cell concentration increases. 
The  lysis time  and  the protein N  per  cell  are  nearly  independent  of the 
growth rate; all the other values increase as the growth rate increases. 
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The ratio 
RNA per cell X  generation time 
Protein N  per cell 
is nearly constant. 
RNA and DNA per cell increase  less rapidly than the volume, so that NA 
per unit volume is not constant, but decreases as the size of the cell increases. 
The phage yield measured under conditions in which the infected cells do 
not grow (by plaque count) is very nearly proportional to the size of the cell. 
The phage yield per cell,  under  conditions in which  the infected cells  do 
grow, increases more rapidly than the size of the cells. 
The phage yield per cell under these conditions may be calculated by the 
equation 
ttp  K  d RNA  P  RNA 
-~  ~  ~  or lOgpo--  Klog~. 
The determining factor for the variation in phage yield is the growth rate 
of the cells. This, in turn, is determined by the composition of the medium. 
III.  The  growth  and  phage  production  of raegatkerium 899a  have  been 
determined  in  the  presence  of  the  following  substances:  aureomycin, 
bacitracin,  chloromycetin,  gramicidin,  Merck AB631,  Merck AB191,  Merck 
AB624,  penicillin,  streptomycin, terramycin,  tyrothricin,  usnic acid,  acetone, 
chloroform,  ethyl alcohol,  formaldehyde, gentian  violet, glycerin,  maleic hy- 
drazide,  methyl alcohol,  phenyl mercuric acetate,  sodium fluoride,  sulfanila- 
mide,  toluene, and urethane.  In every case,  the lowest concentration of the 
substance which completely inhibits growth,  is also the lowest concentration 
which completely inhibits phage production. 
One antibiotic, Merck AB81,  causes increased phage production in concen- 
trations  which  partially  inhibit  growth,  and  low phage  production  in  con- 
centrations which completely inhibit growth (as determined by turbidity). 
Short  exposure  to  ultraviolet  light  also  decreases  the  growth  rate,  with 
increase  in  phage  production.  Longer  exposure,  which  completely  inhibits 
growth (as determined by turbidity) results in lysis and phage liberation. 
EXPERIMENTAL  RESULTS 
Growth and Phage Production in Suspensions of Sensitive megatkerium +  C 
Phage, Shaken, Standing, or in Hanging Drop Preparations.--The  results of an 
experiment,  in which the cell and phage concentration of a suspension under 
these varying conditions were determined, are shown in Fig. 1. In the culture 
which was shaken, there is rapid growth in the control tube and some growth 
in  the phage-cell  mixture.  The  final  yield was 400 phage particles  per  cell. JOHN H.  NORTHROP  583 
The  tube  which  was  not  shaken  and  the  hanging  drop  culture  showed  no 
growth  in  the  infected mixture.  The yield in  the  test tube was 40 per cell, 
and  in  the  hanging  drop,  250.  The  low yields  are probably due  to  lack of 
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FIG.  1.  Changes in  cell  and phage concentration  of B. megatherium suspension 
infected with C phage, shaken or standing in test tubes or in hanging drop prepara- 
tion (26  ° C.). 
Megatherium sensitive cells from 18 hour 2 per cent peptone agar slant, suspended 
in 5 per cent peptone 1 X  107 B per ml. (by turbidity) and shaken at 26  ° until B per 
ml.  =  2 X 107. 1 X  109 C phage per ml. added to half the suspension.  10 ml. control 
and infected suspension shaken (200 excursions  per minute, through about 1 cm.). 
10 ml. allowed  to stand, and six hanging drop preparations made on hollow ground 
slides. Cells counted in the drops. After lysis occurred drops washed off and titrated 
for phage. Test tube culture: B per ml. by turbidity. 
sufficient oxygen (Northrop,  1951; Delbriick, 1940; Lwoff and Gutman,  1950). 
It is evident that the course of events in the hanging drop cultures or in still 
cultures is very different from that in cultures which are shaken. 584  GROWTH  AND  PHAGE  PRODUCTION OF B. MEGATHERIUM 
I.  Growth of Cells Infected with C Phage 
Fig. 2 shows the changes in cell, colony, and plaque count in suspensions of 
rapidly growing sensitive megatherium in $ per cent peptone to which C phage 
has  been  added.  The  cells  in  the  suspension  containing  10  9 phage per  ml. 
were all infected in about 2 minutes, as shown by the colony count on tryptose 
phosphate broth agar.  1 The first colony count shown was made immediately 
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Fro.  2.  Changes in cell count, colony count, and phage concentration of sensitive 
megatherium cells infected with phage C. 
Megatherium sensitive cells from 2 per cent peptone slant suspended in $ per cent 
peptone 1 X  106 chains per ml. Shaken at 34  ° until 4  ×  105 chains per ml. 3 tubes, 
10 ml. each: 0, 1 ×  10  s, and 1 ×  109 phage per ml. added respectively and all tubes 
shaken at 34  °.  Chain count by microscope. Colonies plated on tryptose phosphate 
broth agar. Phage by plaque count. 
after the phage was added,  and the number of colonies formed on this plate 
agrees quite  well with  the number of chains  as determined  by direct  count 
and also with the colony count from the control suspension which  does not 
t The cells in the 1  ×  l0  s phage per ml. suspension required about ten times as 
long. This is the ratio expected if the adsorption process follows the course of a bi- 
molecular reaction (Krueger, 1931; Ellis and Delbriick, 1939). JOHN  H.  NORTHROP  585 
contain phage. These results confirm the observation (Northrop,  1951)  that 
sensitive megatkerium cells  cannot  be  infected in  tryptose phosphate  broth 
culture medium, and therefore, colony plates made in this medium give the 
number of uninfected cells at  the  time  the  culture was  diluted  in  tryptose 
phosphate broth (of. Table I). 
The infected suspensions continue to grow almost as fast as the control for 
50 minutes,  before rapid lysis commences. During  that  time the  chain con- 
centration increases from 4  X  105 to 12 X  105. in the suspension containing 
1  X  l0  s phage per mh This represents  between  1 and  2  cell divisions. The 
final yield is about  1500  phage i)articles per lysing cell or 3000 per original 
infected  cell.  (Under  these  conditions  practically  all  chains  consist  of  two 
cells,  so that the cell  concentration --  2  X  chains per ml.) The fact that the 
growth rate of the infected  cultures is so close to  that of the control shows 
that both cells of the chains divide.  If only one cell were infected, and did 
TABLE  I 
Colony Counts of megatkerium Sensitive Suspensions in Tryptose Phosphate Broth .4- C Phage 
and Plated on Tryptose PkospI~e Broth Agar 
Suspension of megaO~/~ sensitive cells in tryptose phosphate broth 
C  phage, r~  .................................  .  0  1 X  I0  ° 
Colonies per ml. on tryptose phosphate broth.. " i  190 4- 15  200 -4- 11 
Chains per ml  ...............................  205  -~ 10  205  4- 10 
not divide, while the other continued to divide, the growth rate as a  whole 
would be half that of the control suspension. 
An infected cell, therefore, may continue to divide at the same rate as an 
uninfected one, until just before lysis occurs, in spite of the fact that more 
than  1500 particles per cell are being formed.  ~ The infected cells also retain 
their motility until just before lysis. 
This  result  shows that  under these conditions there is  no qualitative  dif- 
ference between an  infected sensitive raegatkerium  cell and  a  lysogenic cell. 
Both cells may divide at the normal rate, for a  time, after which the infected 
sensitive cells disintegrate,  while the lysogenic ones continue to divide. It is 
possible  that  this  difference in behavior depends on the relative rate  of in- 
crease of the cell and of the virus. If the virus increases faster than does the 
cell, no matter how slight the difference in rate, sooner or later the cell must 
be destroyed. On the other hand,  if the virus increases more slowly than the 
* This culture shows some lag for the first 10 to 20 minutes in the growth rate and 
hence, the division rate and the phage yield are lower than usual for these conditions 
(of. Table II). 
2 This fact must be taken into consideration in estimating the phage yield from a 
single cell by the dilution method. It is customary to assume that infected cells do 
not divide, but the present experiments show that this assumption may be incorrect. 586  GROWTH  AND  PHAGE  PRODUCTION  0]~ B. ~[EGATHERIU~ 
cell, then sooner or later a  cell free from virus must appear. It is known that 
cells may be freed from chloroplasts or from "kappa" particles  in  this  way 
(cf. Darlington, 1949). 
Spielgelman and De Lorenzo (1952)  have shown that  the ability of yeast 
cells to form adaptive enzymes is also conditioned by the presence of a  self- 
perpetuating  cytoplasmic  particle.  In  the  presence  of  the  substrate  these 
particles increase as rapidly as the cells,  so that  all,  or nearly all,  daughter 
cells contain them. In the absence of substrate, however, they increase more 
slowly  than  the  cells,  and  half  of  the  daughter  cells  do  not  contain  any. 
Ephrussi (1951) has arrived at the same conclusion. 
It may be recalled that a fraction from yeast, which stimulated the forma- 
tion  of  adaptive  enzymes  in  yeast,  also  increased  phage  production  by 
S. muscae  (Price, 1949). 
A  very similar mechanism has been proposed by Lwoff (1952)  to explain 
the sudden appearance of phage in a  lysogenic culture after inactivation by 
ultraviolet light. 
From this point of view, a lysogenic cell is one in which the rate of increase 
of the virus or its precursor is synchronized exactly to that of the host cells 
(cf. Delbrtick, 1940). In the present instance, the virus increases at the rate of 
0.17 per minute (equivalent to a  "generation time" of 4  minutes),  while the 
cells divide at the rate of 0.03 per minute or a  "generation time" of 20 min- 
utes. 
II.  Growth Rate,  Phage  Yield,  Lysis  Time,  Volume,  and  Composition  of 
megatherium Sensitive  Cells in Different Stages of Growth in 5 Per Cent 
Peptone  Yeast Extract,  or Asparagine Media 
The results of these experiments are summarized in Table II.  The figures 
are  the means of 4  to 8  determinations each.  The average deviation of the 
mean is about 4-10 per cent, except in the values for phage yields. These are 
more irregular and the deviation is about 4-20 per cent. 
The growth rate decreases as the cell concentration increases. 
The lysis time and the protein per cell are nearly independent of the growth 
rate. All the other values increase as the growth rate increases. 
The ratio 
RNA per cell >( generation time 
Protein per cell 
is  nearly  constant.  This  confirms  the  results  of  Caldwell,  Mackor,  and 
Hinshelwood (1950) and of Price (1952' b). 
The RNA and DNA increase less rapidly than the volume so that the NA 
content per unit volume decreases somewhat as the cell size increases  (Cald- 
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The variation in size agrees quite well with Henrici's results  (1928). 
The  phage  per  cell  as  measured  by plaque  counts  (in  which  case the  in- 
fected cells do not grow) is nearly proportional to the cell volume. The yield 
per  cell  in  rapidly  growing  cultures  is  more  than  ten  times  that  of resting 
cultures. This is about the same ratio as that found by Krueger and Mundell 
(1938) with S.  aureus. 
TABLE II 
Growth Rate,  Pkage  Yield,  Volume,  and  RNA,  DNA,  and  Protein  Content  of megatker~m 
Sensitive Cells in 5  Per Cent Peptone,  Yeast Extravt, or Asporagine Media at 34  ~ 
I  Culture medium  5 per ceat ~e.  ptoneliqmd  Asparagine  i exYteaSc  t 
J 
108.  l0  T  Cells per ml  ............... 
Growth of infected cells 
B~, 
BO  ""  * ................ 
Generation time (uninfected 
cells), rain ............. 
Volume per cell, 10  -z° ram.  s. . 
RNA per ceil, 10  "-1° mg  ...... 
DNA per cell, 10  a° mg  ....... 
Protein per cell, 10  "-z° mg  .... 
Phage  per  cell  by  plaque 
count  ................. 
Phage per cell by cell count 
Pmax 
Cell~ ................. 
Pm= 
Bo  .................. 
Generation time 
RNA X  -  ..  Protein 
RNA, reg.~ram,  s .......... 
fBy plaque 
10  l° phage  J  count  ........ 
Mg.RNA  [By cell count... 
Lysis time, rain ............ 
4.5 
20 
7OO 
2,000  1,500 
~,000  16,000 
25 
0.1 
33 
80 
70  78 
I0  e  107 
I 
4.0  3 
22  25 
200  105 
.3  2.0 
15 
300 
570 
1,700 
27 
0.16 
16 
33 
75 
1.I 
50 
32 
4, 9 
1.1 
13 
120 
20 
1.5 
40 
t30 
10 
13 
50 
75 
30 
0.08 
5 
Irregular 
l0  T 
35 
600 
75 
* Resting cells from agar. 
The phage yield by maximum plaque  count,  divided by maximum infected 
cell  count,  in which case  the  infected cells grow, increases  much faster  than 
either the size or RNA content of the cells. If it is assumed that all the phage 
is  derived  from a  single  phage  particle  which  infects  a  single  cell,  then  the 
yield of phage per original infected cell is equal to the maximum phage titer 
per milliliter,  divided by the original cell concentration per milliliter  (since all 
the original cells are infected); i.e., P/cell  =  Pm~/Bo. 588  GROWTH  AND  PHAGE  PRODUCTION  OF  B.  ~fEGATIi~RIUM 
These results may be accounted for, at least as a  first approximation, by 
the following assumptions: 
1.  The reaction  which  leads  to  lysis proceeds  at  a  constant  rate,  inde- 
pendent  of the  volume,  the  RNA  or  DNA  content,  the  phage  yield, and 
nearly independent of the  multiplication of the  infected cells.  The rate de- 
creases slightly when resting cells are used. The cells which are growing at the 
maximum rate and divide 2  to 3  times after infection with a  yield of 2,000 
phage particles per cell lyse at nearly the same time as resting cells which do 
not divide and yield about 100 particles per cell. 
This assumption is in agreement with Herriott's (1951)  interesting experi- 
ments  with phage  "ghosts." Herriott  found that  such  "ghosts"  will  cause 
lysis of susceptible cells,  but do not cause phage production. The reactions 
leading  to  lysis therefore may be  separated  from  those  resulting  in phage 
production (cf.  also Quercin and Dirkx,  1951). This also agrees with the fact 
that in some cases phage  is released,  before lysis commences (Krueger and 
Fong,  1937; Wahl,  1946;  Price,  1949 a,  1952 a),  while with very high phage 
concentrations,  lysis commences very  rapidly,  before  any phage  is  formed 
(Northrop and Krueger, 1930; Northrop, 1938; Delbriick, 1940). 
2.  The rate of phage production is logarithmic and is proportional to the 
rate of growth of the cells; i.e., 
gP  _  Kdg 
P  dt  g& 
(Northrop and Krueger, 1930)? 
This equation may also be derived from the assumption that the phage is 
synthesized by the normal synthetic cell enzymes, as is indicated by a  num- 
ber of different approaches  (cf.  Luria,  1951;  Cohen,  1951).  The  higher the 
activity of cell synthesis, therefore, the faster the phage is formed. The same 
equation expresses the relation of the growth rates of various organs in the ani- 
1  P  real body (Huxley, 1924,1932).  The growth rate of the phage is Kp =  TIn  -- 
Po 
a  The conditions of the present experiments are quite different from those of the 
early experiments, with S. aureus.  In the present instance, all the cells are infected 
at the beginning of the experiment and the increase in phage  takes place entirely 
inside the cells. The lysis time is the time from cell infection to lysis of one-half the 
cells. The phage yield is the number  of phage particles  liberated per original  in- 
fected cell. In the previous  experiments, very few of the cells were infected at the 
beginning of the experiment;  the lysis time was taken as the time for the whole 
culture to clear, and the phage titer was calculated per milliliter of solution, instead 
of per cell. Under these conditions, the phage is produced by a small percentage  of 
the cells. (The release of the phage may be accompanied by lysis of the cells during 
the early part of the reaction, although the lysis cannot be detected experimentally.) 
The phage concentration increases rapidly and when a critical ratio of phage per cell 
is reached, lysis occurs without any further increase in phage titer. JOHN H. NORTHI~OP  589 
(1) and of the cells is K~ -- ~  ha  (2). Divide (1) by (2), assume P  and B 
are measured at the same time, and that Po --  1 and go --  1, then Kp _  log P 
Ka  log G 
K~ 
or log P  -- ~  log G. 
Kp 
The value of ~  may vary, depending  on the temperature  (Northrop and 
Krueger, 1930) or the composition of the media. 
The  value for P  is  taken as  the  maximum  plaque  count per  milliliter, 
divided by the original  number of infected cells per milliliter.  In the early 
experiments,  the growth rate was  taken as the increase  in cell count, as de- 
termined by turbidity. In the present instance,  the use of this value leads to 
incorrect  predictions.  (1) It predicts that no phage will be formed if there is 
no increase in turbidity. Resting cells, however,  form phage.  (2)  It predicts 
higher yields of phage than are actually found in rapidly growing cultures. 
If the growth rate of the infected cells is used instead of that of the control 
(uninfected)  cells, the  agreement is  satisfactory except  in  the  case  of  the 
resting cells. Resting cells differ from the other cells in that their composition 
changes  during the course of the experiment  while that of the growing cells 
does not. This change is due to the fact that the resting cells are taken from a 
depleted culture media, and put in a complete media; they do not divide nor 
does the turbidity of the suspension change, but the cells become larger and 
the protein and RNA content increase.  Price  (1952 b)  has noted the same 
result with S. rauscae cells. If the increase in RNA is taken as a measure of 
the  growth  rate  of  the  cells, then  the  phage  yield is  correctly predicted 
(Table III). In the case of growing cells, since the composition  of the cells 
does not change during the course of the experiment,  the same value for the 
growth rate  ~  is  obtained no matter whether the number of  cells, the 
volume, the protein N, or the DNA or RNA is used as a measure of growth. 
The agreement obtained in this way, of course, does not prove that the phage 
yield is actually determined directly by the production rate of RNA. This 
value, in turn, may be merely an expression of the rate of protein synthesis 
in the cell as Caspersson  (1947) and Brachet (19t7)  have concluded.  Price 
(1952 b) also found that protein synthesis in S. muscae was closely related to 
RNA synthesis. 
In the present instance, the growth rate of the phage is six times that of 
the RNA,  so that this process  cannot continue for any length of time. If, 
however,  the growth rate of the phage and the RNA were exactly equal,  as 
the growth rates of the various normal constituents of the cells must be, then 
the ratio of phage per cell or of P per RNA would remain equal and a lysogenic 
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On  the  other hand,  infected cells in asparagine  media  (containing  10  ~  ~r 
Mg  ++) produce much less phage than in 5 per cent peptone. In the absence of 
Mg  ++ very little phage is produced, although the cells grow (Northrop, 1952). 
The value of the  constant  connecting the  rate  of RNA  production to  that 
of phage production,  therefore, varies with  the media used  (Krueger,  1937; 
Krueger and Fong,  1937),  but is independent of the growth rate of the cells, 
in the same media. 
TABLE 1II 
Observed and Calculated Values of Phage Yield per Original Infected Cell in 
5 Per Cent Peptone 
Bo  1 X  10  t  1 X  10'  ! 1 X  10' 
.........................................  a.( 
RNAm~Lx 
RNAo  ................................. 
/ Observed  .......................... 
Calculated from: 
P~  -  P~  B~,~ 
Bo  ~  LogB~- =  61og-Bo ............ 
|  T  P~  .,  RNA== 
[  ,~og ~o  =  o ~og ~  ........ 
I Observed  .......................... 
Calculated from: 
P~.  P~  ..  Bm,~  ............ 
B-L~. 1  Log ~  =  ~ ~og 
.  .P,,,~  .,  RNA=~ ........ 
[  i.ogB~ -- ~ tOgRN~ 
45  40  3 
9,000"  6,000" 1,700 
~,000  14,500  750  L 
9,000  4,500  750 
2,000  250 
2,000  250 
I 
Resting cells 
1 X  10s  from agar 
1  X  I0  e 
1.1 
2.6  2.0 
260  70 
330  2 
330  63 
100  60 
100  1.6 
100  32 
Effect of Growth Rate of Cells, Concentration  of Cells, and Composition  of the 
Media,  on Phage  Yield.--The  experiments described above were made with 
growing cultures, so that the concentration of the cells,  the growth rate of the 
cells, and the composition of the media all varied from one sample to another, 
although they were nearly constant during the course of any one phage yield 
determination. 
In order to test the effect of the three variables on the growth and phage 
yield of infected cells,  experiments were set up in which  the effect of these 
variables was determined separately. Table IV gives the results of an experi- 
ment in which ceils growing at different rates were added,  at  the same cell 
concentration,  to fresh media,  containing  C  phage.  The phage  yield varies JOhN  H.  NOgTm~OP  591 
from about 1000  with resting cells to 10,000 with rapidly growing cells. As in 
the  early  experiments  the  phage  yield  per  resting  cell  is  higher  than  that 
calculated from the  cell division rate, and is probably again proportional  to 
the  increase  in  RNA.  This  figure  could  not  be  determined  because  of  the 
difficulty of obtaining a sufficient number of cells. 
The effect of adding cells in log growth to the supernatant from cultures in 
various  growth  stages  is  shown  in  Table V.  No  cell  growth  occurs  in  the 
supernatant from a  culture which has grown to completion, and no phage is 
produced.  A  culture  medium,  therefore,  which  has  been  exhausted  of  the 
substances  necessary  for  cell  growth,  is  also  exhausted  of  the  substances 
TABLE IV 
Growth and Phage Pvoduct~n  of Cells from  Cultures in  Various  Growth Stages, Added  to 5 
Per Cent Peptone +  C Phage 
Megatkerium sensitive cells from cultures noted diluted in 5 per cent peptone to 2 X  10  n 
cells per hal., 1 X 108 C phage per ml. added, and the tubes shaken at 34  °. 
Original culture  Phage-cell suspensions in $ per cent peptone Bo _= 
Genera- Genera-  B  Pmax_~o  Pmsx 
tlon  tion  _m~x_  --  --  --  __  ..  I  ..  [  B-  [Calculated  Bm~ 
]  time  I  time  I  °  f  710g Bm  Observed 
rain.  mln.  I  20  20  4.5  35,000  9,000  2,000 
25  30  3.0  2,300  3,200  1,000 
60  50  1.4  10  1,200  800 
2 X  10~ 
Lysis 
time 
70 
75 
80 
Cell per ml. 
5 per cent peptone culture 2 X 108. 
5 per cent peptone 1 X 107 ...... 
5 per cent peptone 5 X 108 ...... 
required  for  phage production.  This  experiment  was  repeated  with  yeast 
extract  medium,  and  with  asparagine  medium,  with  the  same  result.  The 
phage  yield  from  cells  in  the  supernatant  from  a  48  hour  culture  which 
contained  3  X  109  cells is zero,  while  in  the  supernatant  from very dilute 
suspensions it  is 3000.  The variation in phage yield can again be predicted 
quite well from the growth rate of the cells,  4 so that the changes in the culture 
medium affect the growth  rate of the  cells,  and this in turn  determines the 
phage  yield.  This  observation  confirms earlier  ones  in  which  it  was  found 
that  none  of  the  large  number  of  various  media  tried  would  allow  phage 
production without cell growth (Northrop,  1952). 
Varying the initial  cell concentration from 105 to 10  ~ cells, in fresh media, 
has very little effect on either the growth of the cells or on the phage yield. 
If rapidly growing cells are used, and care is taken to see that the growth is 
4 This experiment was carried out at a  different time and with a  different lot of 
media from those recorded in Table II, so that they are not strictly comparable. 592  GROWTH  AND  PHAGE  PRODUCTION  OF  B.  MEGATHERIUM 
not  interrupted in setting up the experiment,  all the suspensions continue to 
grow after infection and the yield per cell is about 2000.  If resting cells are 
psed, they do not grow in any of the suspensions (in the course of the experi- 
ment) and the phage yield is low. 
If the cells are infected, as in the usual one-step technique,  and allowed to 
stand  at 34  ° for 5  to  10 minutes before dilution,  they do not  grow and  the 
phage yield is independent of the dilution. 
The results as a  whole show that  there  is a  long "lag" period,  before the 
system reaches  a  steady state.  During  this  time,  the  cell number increases, 
TABLE V 
Growth and  Phage Production  of Cells in  Logarithmic  Growth Added to  Supernatant  from 
Cultures in Various Growth Stages 
Megatherium sensitive cells suspended in 5 per cent peptone, 1 X  106 cells per ml. Shaken 
at 34*. Sample removed and centrifuged at cell concentration noted. Cells from culture in 
log growth (1  X  107 per ml.) and  1 X  lO  s C phage added to various supernatants.  Shaken 
at 34". Bo =  8  X  lOs. Po ="  1  X  lOs. 
Original culture  Phage-cell suspensions  in supernatants from original culture 
Cells per ml. 
1X107 ........................... 
1.3 x  los ......................... 
6x  los  ........................... 
1 X  10  ° (24 hr. culture) ............. 
3 X  10  ° (48 hr. culture) ............ 
BE 
3.0 
2.3 
2.0 
1.8 
1.0 
Pma~ 
Be 
Calculated  '  --  ' 
-  8 log B~ 
Observed 
7,000  3,000 
750  2,000 
250  1,500 
100  140 
0  0 
Pmax  Lysis time  Bmax 
m/Is.  {,° 
9(10  75 
850  75 
750  85 
70  85 
0 
the  division rate decreases while the  medium becomes depleted.  In order to 
define  the  system,  therefore,  it  is necessary to know  the  cell concentration, 
generation time, and media of the culture from which the cells were taken, as 
well  as  the  same  information  concerning  the  cell  suspensions  in  which  the 
experiment is  carried  out.  The same result  was obtained  in  the  case of the 
megatherium  sensitive-T phage system (Northrop,  1952).  In that case it was 
found that a  lysogenic strain appeared,  or that lysis occurred,  depending  on 
the condition of the culture from which  the cells were obtained. Neither this 
result,  nor  the  present  one,  can  be  accounted  for  on  the  basis  of  selection 
without  very  improbable  assumptions.  It  is  much  more  probable  that  the 
change in the behavior of the cells is due to changes in their enzymatic consti- 
tution, in accordance with Dean and Hinshelwood's results (1951). JOHN H. NORTHROP  593 
HI.  Effect o/ Various Substances on Growth and Phage Production of 
B. megathedura 
The  preceding  experiments  show  that  growth  and  phage  production of 
B. megatherium are very closely related and cannot be separated by varying 
the conditions of the cells, nor the composition of the media.  In the present 
experiments  the effect of adding various growth inhibitors  to the culture was 
determined. The concentration of the inhibitors was varied by a factor of 2 
or  3  and  the  lowest  concentration which  completely  inhibited cell  growth 
selected.  The phage production of this culture and also of the culture con- 
raining the next lowest concentration was tested. 
The results are shown  in Table VI.  In every case,  that concentration of 
inhibitor which just prevents cell growth, also prevents phage production of 
either the lysogenic or sensitive strain. There is very slight phage production 
at pH 5.6 as described previously,  but the amount found is a very small per- 
centage  of the control and may be due to a  few growing cells. In addition, 
the results with resting cells and also Price's (1952 b)  results with S. rauscae 
show that neither cell counts nor turbidity measurements are reliable  indi- 
cators of synthesis in the ceil. 
The experiments  were varied in some instances by determining the length 
of time required  to stop growth and phage production, when the cells were 
allowed to stand in the presence of high concentrations of antibiotic. Samples 
were removed at short time intervals,  diluted in 5 per cent peptone, and tested 
for  growth  and  phage  production.  No  phage  production  occurred  in  any 
sample which did not grow. 
In the case of Staphylococcus cultures, penicillin stops all growth, at least as 
determined by turbidity measurements,  but  some phage production occurs 
(Price, 1947; Krueger, Cohn, Smith, and McGuire,  1948; Elford, 1948). 
In  th  e  present  experiments  the  growth rate  and phage production both 
decrease  as  the  penicillin  concentration  is  increased.  Similar  results  are 
obtained with aureomycin (Table VII). The phage production may be calcu- 
lated from the growth rate by the  same  relation,  log P  =  K  log B,  used 
before, except that in the case of the lysogenic cell, K, the ratio of the rate of 
phage production to that of cell synthesis, is 1 to 2 instead of 6 to 10, as is 
the case with sensitive  cells. It is possible that in a few ceils, the ratio dP/dB 
is unusually high,  and that it is those cells which liberate the phage (of. Lwoff 
and Gutman, 1950). 
Increase  in  Phage  Production  in  the  Presence of  Antibiotic  AB81.--This 
antibiotic decreases  the  growth  rate  of  the  cells, but  increases  the  phage 
yield  (Fig.  3).  If  cell growth  is  completely  inhibited,  some  phage  is  still 
formed,  in contrast to all other substances  tried. The compound  apparently 
shifts the synthetic reaction in favor of phage formation. If the difference 
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TABLE VI 
Concentration  of  Various  Substances  Required  to  Inkibit  Growth  and  Phage  Production  of 
B. megatherium  Lysogenic  Cells or B. megatherium  Sensitive  Cells +  C or  T  Phage 
Substance 
Aureomycin 
Bacitracin 
Chloromycetin 
Gramicidin 
Merck AB631 
Merck AB191 
Merck AB624 
Penicillin 
'Streptomycin 
Terramycin 
Tyrothricin 
Usnic acid 
Acetone 
Chloroform 
Ethyl alcohol 
Formaldehyde 
Gentian violet 
Glycerin 
Maleic hydrazide 
Methyl alcohol 
Phenyl  mercuric 
acetate 
Sodium fluoride 
Sulfanilamide 
Toluene 
Urethane 
Lysogenic 
o.sv/mi. 
10vlml. 
2.5 "y/ml. 
0.1 mg./mi. 
10 "y/ml. 
0.5 T/mi. 
0.14 7/ml. 
600 units/ml. 
1 v/mi. 
lO'y/ml. 
0.17/mi- 
0. s v/mi. 
10 7/ml. 
0.5 saturated 
10 per cent 
Saturated 
10 per cent 
O. 01 per cent 
2so~/mi. 
200 mg./ml. 
0.5 saturated 
20 per cent 
0.5 ~/mi. 
5 mg./mL 
10 mg./ml. 
Saturated 
0.35 
Inhibiting concentration 
Culture 
Sensitive 
+C phage 
o. 5 v/mi. 
iov/mi. 
0.5  7/ml. 
0.14  3'/ml. 
O. 5 saturated 
0.5 saturated 
0.05 7/ml. 
+T phage 
10 7/ml. 
0.5 "y/ml. 
0.14 ~//ml. 
0.5saturated 
0.5 saturated 
0. o5 7/ml. 
Media 
Asparagine 
Yeast extract 
Asparagine 
Yeast extract 
Asparagine 
Yeast extract 
Asparagine 
5 per cent peptone 
Peptone 
Peptone 
Asparagine 
Yeast extract 
Asparagine 
Yeast extract 
Asparagine 
Yeast extract 
Asparagine 
Yeast extract 
Peptone 
Peptone 
Peptone 
Peptone 
Peptone 
Peptone 
Peptone 
Peptone 
Peptone 
Peptone 
Peptone 
Yeast extract 
Peptone 
Yeast extract 
The writer is indebted  to Dr.  Karl Folkers of Merck  &  Company for the samples of 
AB631,  AB191,  AB624,  and  AB81,  to  Dr.  Lawrence  Smith  of  Commercial  Solvents 
Corporation for the sample of bacitracin, to Dr. Fred Stimpert of Parke,  Davis and Com- 
pany for the sample of chloromycetin, to Dr. Ray A. Patelski of Charles Pfizer & Company 
for the sample of terramycin, to Dr. Gilbert M. Bayne of Sharp and Dohme for the sample 
of tyrothricin,  to Dr. H.  Douglas Tate of Naugatuck  Chemical for the sample  of maleic 
hydrazide, and to Dr. W. G. Bywater of S. B. Penick  & Company for the sample of usnic 
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due to lysis of cells in the presence of antibiotic  with the liberation of phage, 
then  the phage yield is about 20 particles per cell. 
Effect  of  Ultraviolet  Light  on  Growth  and  Phage  Production  of megatherium 
899a.--Labaw,  Mosley,  and Wyckoff (1950)  found that  B.  coli were  able  to 
10  s  ~. 
Contml  l'/ml.  6x10  s 
O.054rABBI  "  lSx " 
0.1 g/ml.  2/ml.25xlO  s 
O.6~/ml.  1~/ml.  5x10  8 
107  I  I  I  I 
1  2  5  4 
l'Iou~ 
Fro.  3.  Growth and phage production of megatkerium 899a in 5 per cent peptone 
with the addition of antibiotic 81. 
TABLE VII 
Effect of Aureomycin  on Growth Rate and Phage Production of megatherium 899a in  Yeast 
Extract. Bo ffi 27 X  10  ~ 
Aureomycin,  "y/m/  ....................................... 
B  after 6 hrs., 32  ° .......................... 
B0 
P 
B0 after 6 hrs. 
Observed ................................ 
Calculated log P  B  =  1.1 log K  ............ 
0  0.05 
15.5  13.5 
57  20 
20  18 
0.10  i  0.5 
10  1 
9  0.1 
12  0 
produce phage  after  short  exposure  to ultraviolet  light,  but  were  unable  to 
form  colonies.  Further  investigation  showed,  however,  that  the  inactivated 
cells grew for a  short time after exposure,  and that  the phage was produced 
during this period.  If the irradiation  was increased until no growth occurred, 
no phage was produced. 
Lwoff,  Siminovitch,  and  Kjelgaard  (1950)  also  found  that  megatherium 596  GROWTH  AND  PHAGE  PRODUCTION  O~ B, MEGATHERIUM 
899a grew some time after short exposure to ultraviolet light and then lysed 
with the liberation of about 200 phage particles per cell. 
The results of exposure of megatkerium 899a suspended in Locke's solution 
to ultraviolet light for varying periods of time are shown in Fig. 4. The results 
in  general  confirm  those  of  Labaw,  Mosley,  and  Wyckoff  and  Lwoff, 
Siminovitch, and Kjelgaard. 
iO  B 
JO 
O• 
P/ml. -  1 x 109 
P/ml.-12 xloq 
-  - ~  1,/~I.=  4xlo9 
I  I  I  I 
1  2  3  4 
l-lourz aftex, ~po~u~ "to U.v. 
FIG. 4.  Effect of exposure to ultraviolet light on growth and phage production of 
megatkerium 899a. 
18 hour 2 per cent peptone slant washed off in Locke's solution 1 X  l0  s B per ml. 
Stir in quartz beaker 25 era.  above ultraviolet light. (G.E. germicidal lamp). 1 ml. 
sample added to 9 ml. 5 per cent peptone after 0, 10, 20, and 35 minutes and shaken 
at 32  °. B per ml. by turbidity. P  per ml. by plaque count after 4 hours. 
It  is  probable  that  some  growth  occurred  in  all  cultures,  as  in  Labaw, 
Mosley,  and  Wyckoff's experiments,  in  spite  of the  fact that  the  turbidity 
remained constant. 
Experimental Procedure 
1.  Phage  determinations  were  made by  the  double  layer  technique  of  Gratia 
(1936 a). The suspension of sensitive cells used contained about 2  ×  l0  s per ml.; 
15 ml. 5 per cent peptone, 2 per cent agar was used in each Petri dish. JOHN  H.  NORTHROP  597 
Colony counts were also made by the double layer technique as this method gives 
very even and reproducible plates. 1 ml. of hot (90°C.) 2 per cent agar was added to 
4  ml. of the cell suspension in tryptose phosphate broth or in 5 per cent peptone 
and  I  ml. of the resulting mixture spread on the surface of Petri dishes containing 
15 ml. 5 per cent peptone, 2 per cent agar, or 15 ml. 3 per cent tryptose phosphate 
broth, 2 per cent agar. Control experiments show that no loss of viable cells occurs 
under these conditions. 
Cell Counts.---0.5 ml. samples were added to 0.1 ml. (40 per cent formaldehyde + 
0.2 per cent gentian violet). This stops ceil division at once and no lysis occurs. The 
cells were counted in a red cell counting chamber. 
Cell concentration by turbidity was determined in a Klett-Summerson colorimeter 
modified to take 22  X  175 mm. tubes. 
Hanging  drops  were prepared by spreading 0.01  ml.  of  suspension  as  thin  as 
possible on a clean coverslip. 
RNA and DNA were determined as described by Price (1949 b), except that the 
cells were not ground, since grinding did not change the results. 
Protein nitrogen was determined on the residue after extraction of the NA's as 
described by Lanai, Dillon, and Beard (1950). 
Cell Volumes.----.O.O1 per cent gentian violet and 0.2 per cent agar were added to 
the cell suspension. A  thin film was prepared under a  coverslip and the length and 
width of the ceils determined by means of an ocular micrometer. The agar prevents 
Brownian movement. 
Phage Yield by Cell Count.--Megatherium sensitive ceils from a  2 per cent agar 
slant were suspended in 5 per cent peptone at a concentration of about 10 celis per 
ml. and allowed to stand at 25 ° for  18 hours at which time the cell concentration 
was 1  X  l0  s  -  1  X  107. The suspension was then diluted to  1 ×  104 ceils per ml. 
and shaken at 34  ° and the cell concentration determined by microscopic count every 
20 to 30 minutes. When the desired concentration was reached, 1  X  l0  s C phage per 
ml. was added and  the tubes shaken at 34  °. If the ceil concentration was greater 
than 1  X  107, 1 X  109 C phage was added. 
Samples were diluted in tryptose phosphate broth and plated on tryptose phos- 
phate broth agar at once and after 20 minutes. The first colony count was checked 
against the  cell count  to  determine  the percentage of viable cells in  the original 
suspension,  and  the count  after 20 minutes, gives the per cent uninfected  ceils at 
that time; this was usually less than 20 per cent. 
Samples were taken for cell counts at 1, 20, 40, 50, 60, and 70 minutes.  Samples 
were plated for phage at 1, 70, 100, and 120 minutes. 
Bm~x is the maximum number of ceils per milliliter usually at 60 minutes. 
Pm~ is the maximum plaque count per milliliter and is usually constant from 100 
to 120 minutes. 
Control experiments showed that the original phage concentration (between  108 
and  109) did not affect the final phage yield, the lysis time, nor the cell count. The 
rate of infection is 10 times faster with 109 than with l0  s phage and a small correction 
could be made for this in determining the lysis time. The correction would amount 
to 5 to 10 minutes. This has not been done as it merely changes the absolute values 
of all the lysis times. 
Phage Yield by Plaque Count (Delbr~ick and Luria, 1952).--The cell suspensions 598  GROWTH AND PHAGE PRODUCTION OF B. M:EGATHERIU~[ 
were prepared as described under the cell count method.  1  X  10  s C phage per ml. 
was  added  and  the  tubes  allowed  to  stand  at  25  °  for  ~  hr.  They  were  then 
centrifuged in conical cups and washed twice with 5 per cent peptone. The super- 
natants  were removed by suction with a  fine  capillary pipet, and  the precipitate 
transferred to a new tube each time. The suspension was then diluted in 5 per cent 
peptone to contain about 1  ×  103 cells per ml. and shaken at 34  °. Phage determina- 
tions were made at once and after 40,  60, and 80 minutes. The plaque count  was 
usually nearly constant over the 60 to 80 minute time interval. The phage yield is 
the-Maximum count. The factor 2 is necessary as there are 2 cells per chains  in  the 
2 X initial count 
original suspension,  before lysis, so that each plaque represents 2 cells, while in the 
final plaque count (after lysis) each plaque represents a single phage particle. 
Asparagine media (Northrop, 1951) 
Asparagine--10 mg. per ml. 
Ferric ammonium sulfate--0.02 mg./ml. 
MgSO4--0.04  mg./ml. 
Dissolved in 0.01 M pH 7.4 PO4 and adjusted to pH 7.4. 
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